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684a Webnesday, February 29, 2012coupling. Interestingly, phloretin was more efficacious in 0 Ca2þ than at
higher Ca2þ concentrations, suggesting phloretin also affects Ca2þ-dependent
gating. Mechanisms of action similar to phloretin may prove useful in selec-
tively activating BK channels at hyperpolarized membrane potentials. Thus,
compounds that are structurally similar (phloridzin, naringenin, and 2-PT)
or dissimilar (NS1619 and niflumic acid) were screened at 80 mV in
0 Ca2þ for phloretin-like activity. Although most openers increased nPo
two- to three-fold, only NS1619 (100 mM) was as efficacious as phloretin,
suggesting these compounds may share similar mechanisms of action.
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Liang Sun, Sean Adhikari, Shengwei Zou, Frank T. Horrigan.
Baylor College of Medicine, Houston, TX, USA.
To study the molecular basis and mechanism of voltage sensor/gate interac-
tion in BK channels we performed an alanine-scan of the S4-S5 linker and
the C-terminal end of S6 in mSlo1. Potassium conductance was measured
over a wide range of voltage and calcium and fit to the Horrigan-Aldrich
(HA) gating model. Open probability was measured at extreme negative volt-
ages to determine if mutations altered the stability of the gate when voltage
sensors are not activated (L in the HA model). Mutations in both linker and
S6 were identified that alter L and therefore could be involved in voltage-
sensor/gate interaction. The largest inhibitory effects were observed at the
ends of S4-S5 linker (Q222A, I233A and K234A) and P319A in S6, each
of which decreased L by 10- to 100-fold and shifted V0.5 to more positive
voltages. I233A, unlike Q222A or K234A, also produced a decrease in
voltage-dependence that is consistent with a decrease in voltage-sensor/gate
coupling (D in the HA model). A structural model, based on Kv1.2, suggests
inter- or intra-subunit interactions could potentially exist between these sites.
Similarly, mutations near the end of S6 (R329A, K330A) that produce an ap-
proximate 3 fold increase in L without changing V0.5, may decrease voltage-
sensor/gate coupling and could potentially interact with the N-terminal end of
the linker where mutations F223A, L227A also produced a moderate increase
in L. On the other hand, the largest increases in L were observed with muta-
tions in S6 (P320A, E321A, E324A) that have no obvious interaction partner
in S4-S5 and potentially alter the stability of the gate directly. In summary, we
have identified several candidates that may be involved in voltage-sensor/gate
interaction and will provide a basis for future experiments involving double
mutant cycle analysis.
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An Extracellular Domain of BK Channel b1 Accessory Subunit Modulates
the Activities of Voltage Sensor and Gate
Aleksandra Gruslova, Iurii Semenov, Bin Wang.
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A family of tissue-specific auxiliary b subunits modulate large conductance,
voltage- and calcium- activated potassium (BK) channel gating properties to
suit their diverse function. Paradoxically, b subunits both promote BK channel
activation through a stabilization of voltage-sensor activation, and reduce BK
channel openings through an increased energetic barrier of the closed-to-
open transition. The molecular determinants underlying b-subunit function,
including the dual gating effects remain unknown. Here, we report the first
identification of a b1 functional domain consisting of Y74, S104, Y105 and
I106 residues located in the extracellular loop of b1. These amino acids reside
within two regions of highest conservation among related b1, b2 and b4 sub-
units. Analysis in the context of the Horrigan-Aldrich gating model revealed
that this domain functions to both promote voltage-sensor activation, but also
reduce intrinsic gating. Free energy calculations suggest that the dual effects
of the b1 Y74, S104-I106 domain can be largely accounted for by a relative de-
stabilization of channels in open states that have few voltage sensors activated.
These results suggest a unique and novel mechanism for b subunit modulation
of voltage-gated potassium channels wherein interactions between extracellular
b subunit residues with the external portions of the gate and voltage sensor reg-
ulate channel opening.
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Large conductance, Ca2þ and voltage-dependent Kþ (BK) channels modulate
physiology processes such as smooth muscle contraction and neurotransmis-sion. BK channels are composed of the pore-forming a subunit (slo1) and
four types of auxiliary b subunits (b1-4). While these b subunits show struc-
tural homology, they regulate gating properties of BK channels with distinct
characteristics. For instance, the b1 subunit targets the membrane-spanning
voltage sensor domain (VSD), while the b2 subunit targets the cytosolic do-
main (CTD) of slo1 to enhance Ca2þ sensitivity. Here we study how these
b subunits perform a similar function by affecting two different structural do-
mains of slo1. Using patch clamp techniques to study BK channels expressed
in Xenopus oocytes, we found that both b1 and b2ND (the N-terminal resi-
dues 2-20 deleted to eliminate inactivation) alter channel activation by
Mg2þ that is bound at the interface between VSD and CTD, suggesting
that both b subunits alter the interaction between the two domains. Our
data also show that a disulfide bond between residues 99C (in VSD) and
397C (in CTD) forms in the absence but not in the presence of b subunits,
indicating that the alignment between the VSD and CTD is changed by
both b subunits. Conversely, two mutations, N172R and N172RE399R, which
have been found to alter the alignment between the VSD and CTD by intro-
ducing electrostatic forces between the two structural domains, change the ef-
fects of both b subunits on BK channel activation. Taken together, these
results suggest that both b1 and b2 subunits alter the interactions between
the VSD and the CTD by targeting one of the domains respectively to activate
BK channels. This mechanism might be common for different b subunits
modulating BK channel gating.
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BK channels are activated synergistically by depolarization and micromolar in-
tracellular Ca2þ. An allosteric gating scheme for a simplified BK channel with
one voltage sensor and one Ca2þ site on each of the four subunits would lead to
a minimal 50 state two-tiered model with 25 closed states (upper tier) and 25
open states (lower tier). It has been previously shown that allosteric models
of this type with few constrained rate constants can approximate the gating
of BK channels. We now explore to what extent such models with idealized
gating (imposed by highly constrained rate constants) can account for the
single-channel gating. Single-channel data were collected over wide ranges
of voltage and Ca2þ, and successive interval durations were measured and
binned into 2-D dwell-time distributions. The idealized models were then glob-
ally fitted to the distributions using maximum likelihood methods to estimate
the rate constants and allosteric gating parameters. An idealized model with in-
dependent voltage and Ca2þ sensors modulating the opening and closing rates
could approximate the gating, but with some obvious differences between pre-
dicted and experimental data. The most likely parameters in this model indi-
cated that each of the activated voltage and Ca2þ sensors increased the
opening rates an additional ~10-40 fold, with little effect on the closing rates.
Adding a tier of flicker closed states and/or allowing specified cooperativity
among and between the voltage and Ca2þ sensors improved the description
of the data. Such highly constrained models provide a means to include the
large numbers of states entered during gating of BK channels with multiple sen-
sors per subunit, while limiting the number of gating parameters sufficiently to
allow insight into gating mechanism. Supported by AHA grant
10POST4490012 and NIH grant AR32805.
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Human KCNQ1 (Kv7.1 or KvLQT1), the transmembrane domain of which is
composed of a voltage sensor domain and a pore domain, plays a crucial role
in cardiovascular diseases by playing a central role in cell repolarization as
part of the action potential. It is well known that KCNQ1 is co-expressed
with KCNE1 to form the Iks channel, for which mutations in either protein
can cause cardiac arrhythmias and hearing loss in humans. KCNQ1 is also ex-
pressed in different epithelia, where it is involved in water and salt transport.
The plasma membrane environment of KCNQ1 and KCNE1 contains both cho-
lesterol and sphingolipids that may be involved in the formation of microdo-
mains often referred to as ‘‘lipid rafts’’. Lipid rafts are important for
cardiovascular function and may serve as platforms where Kv channels exhibit
distinct functional properties relative to conditions in which they are in the bulk
Webnesday, February 29, 2012 685amembrane. Multiple Kv channels appear to have affinities for lipid rafts, in-
cluding the Iks channel complex. Here, we describe the overexpression and pu-
rification of the isolated voltage sensor domain of KCNQ1, as well as
reconstitution and NMR characterization of this protein in model membranes
with varying levels of cholesterol and sphingomyelin. The results suggest
that these special lipids induce unique effects on the structure and dynamics
of this voltage sensor domain. This work is supported by US NIH grant RO1
DC007416.
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S1-S4 voltage-sensing domains in voltage-activated ion channels control
opening and closing of an associated pore domain. Electrophysiology experi-
ments suggest that the transition of S1-S4 domains from resting to activated
conformations is dependent on annular lipids. For example, experiments on
the archaebacterial KvAP channel show that the voltage-activation relation
for the channel shifts to depolarized voltages in the presence of lipids with
positively charged head-groups (Schmidt, D., 2006). To investigate protein-
lipid interactions in voltage-sensing domains, we purified the full-length
KvAP channel and the isolated S1-S4 domain, and reconstituted them in either
a POPC:POPG (1:1) lipid mixture or DOTAP, a positively charged lipid with-
out a phosphate group, and used solid-state NMR spectroscopy to study
protein-lipid interactions. Saturation transfer difference solid-state NMR ex-
periments indicate that the lipid exposure is equivalent for the isolated S1-
S4 domain and S1-S4 domain within KvAP channel, suggesting that S1-S4
domains provide the primary contact with the lipid matrix. 13C detected IN-
EPT based saturation transfer difference experiments indicate that protein-
lipid interactions are transient and relatively weak, but reveal a preference
for lipids with negatively charged head-groups. Comparisons between the
S1-S4 domain reconstituted in POPC:POPG and DOTAP suggest that the
positively-charged lipid does not cause significant changes in the structure
of S1-S4 domains, or inter-helical ionic bonds, as reported by protein chemical
shifts and spin correlations. 15N and 13C detected 1H spin diffusion experi-
ments indicated that the guanidinium groups of arginine residues in the S1-
S4 domain are heavily exposed to water, while Trp70 in the middle of S2 helix
is not, demonstrating the existing of a hydrophobic core in the middle of the
voltage sensing domain.
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The discovery of Ci-VSP, a voltage-sensing phosphatase, revealed that S1-S4
domains can exist in proteins independent of an ion-conducting pore (Nature,
2005). The voltage-activated proton channel, Hv1, was subsequently discov-
ered and shown to consist of a voltage-sensing domain that conducts protons
in response to membrane depolarization (Nature, 2006). Through bioinfor-
matic searches, we identified a protein that we named NVS (Novel Voltage
Sensor). NVS contains 531 residues and consists of 3 parts: an S1-S4 domain,
a 90 residue N-terminus and a 307 residue C-terminus, both of which are pre-
dicted to be intracellular. The most critical residues found in other S1-S4 do-
mains are conserved in NVS, including 3 Arg and a Lys in the S4 helix, and 4
conserved acidic residues in S1-S3. Other than an S1-S4 domain, NVS con-
tains no conserved domains that offer clues about its function. However,
the C-terminus does contain a coiled-coil domain, several SH3 binding motifs
and a region that has 30% identity with a Ras-GAP binding protein thought to
regulate Ras signaling pathways. Here, we show that NVS traffics to the mem-
brane as determined by surface biotinylation. Additionally, tissue distribution
studies show expression of NVS in brain, heart, kidney, liver and testes.
Within the brain, NVS is enriched in cerebellum and immunofluorescence
studies on frozen tissue sections indicate that NVS localizes to pre-synaptic
terminals of granule cells. Furthermore, the S4 helix of NVS is capable of
sensing changes in membrane potential as revealed by transferring this region
into Hv1. Our guiding hypothesis is that NVS functions as a voltage sensor
that interacts with signaling proteins to provide intracellular pathways with in-
formation about voltage changes across the membrane. To this end, experi-
ments are underway to identify interacting proteins for clues about the
function of NVS.3475-Pos Board B336
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The mechanism of electromechanical transduction in voltage sensing domains
remains controversial. Here, we have probed the conformation of the voltage
sensor of Ci-VSP in different functional states by means of EPR-based dis-
tance measurements. Ci-VSP is a voltage-sensing phosphatase from Ciona
intestinalis. Although it is coupled to a cytoplasmic phosphatase, its
voltage-sensing domain (VSD) is homologous to voltage sensors found in
voltage-gated ion channels. It therefore serves as an excellent model to study
voltage sensor movement independent of the interaction with pore domain. On
the basis of voltage dependence of Ci-VSP sensing currents (Q-V curves), it is
agreed that, at 0 mV, the S4 of wild-type Ci-VSP is in the resting conforma-
tion (down state). The arginine at position 217, located in the extracellular end
of S4, has a strong effect on the voltage dependence of Ci-VSP sensing cur-
rents. Mutations at arginine 217 with a neutral or negative residue (R217Q or
R217E), lead to a large leftward shifts in the Q-V curve so that, at 0 mV, the
sensor is in the activated conformation (up state). This provides a unique op-
portunity to monitor the conformational differences in the VSD between rest-
ing and activated states in the absence of membrane potential. We expressed
and purified a series of double cysteine mutants in the isolated voltage sensor
(S1 to S4) of Ci-VSP in wild-type and R217E backgrounds, and measured dis-
tances using CW-based dipolar broadenings (for short distances, 8 to 20 A˚)
and double electron-electron resonance (DEER) spectroscopy (for longer dis-
tances, 20 to 50 A˚). Our preliminary analysis of the distance measurements
suggest defined conformational differences between resting and activated
states of the VSD.
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VSOP/Hv1 is a dimeric voltage-gated Hþ channel unlike other tetrameric
voltage-gated channels. Each subunit has its own permeation pathway, and
the gating of one subunit is coupled to that of the other subunit within the dimer.
We previously reported that the cytoplasmic dimer coiled-coil mediated the di-
meric assembly and the gating coupling, based on the crystal structure analysis
of the coiled-coil domain. The crystal structure of the VSOP coiled-coil shows
an I/L core packing pattern, in which well-packed Ile/Leu residues are situated
at positions ‘a’/‘d’ in the heptad repeat and are periodically observed along the
entire length of the coiled-coil. However, the functional significance of the pat-
terned sequence for the channel function remains unknown. To address this is-
sue, we changed the packing pattern to I/I, L/L and L/I-types, and analyzed the
stoichiometry of the mutant coiled-coils’ assembly. Sedimentation and crystal
structure analyses showed that coiled-coils with I/I and L/L-type cores formed
trimers, and the version harboring the L/I core formed a tetramer. These were
consistent with the results of cross-linking analysis followed by Western blot-
ting of the full-length proteins, indicating that the assembly stoichiometry was
determined by the core type. Electrophysiological analysis revealed that only
the dimer types showed slow and sigmoidal activation kinetics suggestive of
cooperative gating. Thus, the I/L sequence pattern of the coiled-coil core in
the natural channel is optimally designed to form a dimeric channel with
slow and cooperative gating.
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In voltage-gated sodium, potassium, and calcium channels the ion permeation
pathway is located in the pore domain, which is surrounded by four voltage-
sensing domains (VSDs). The pore domain also contains an intracellular
gate-called the activation gate- which is opened and closed by the VSDs in
response to changes in membrane potential. The Hv1 voltage-gated proton
